The parametrization of the realistic Bethe-Salpeter amplitude for the deuteron is given. Eight components of the amplitude in the Euclidean space are presented as an analytical fit to the numerical solution of the Bethe-Salpeter equation in the ladder approximation. An applicability of the parametrization to the observables of the deuteron is briefly discussed.
Motivations
Since the first solution of the realistic Bethe-Salpeter (BS) equation for the deuteron [1] , the BS-amplitudes have been applied to describe various processes with the deuterons [1, 2, 3, 4, 5] . The obvious advantages of the approaches based on the BS formalism are the explicit covariance and connection to the covariant dynamical (field) theory. In spite of this, practical use of the BS amplitudes is not as popular as of nonrelativistic wave functions [6, 7] . A more complicated physical interpretation and technical complexity of the approaches based on the BS amplitudes are the main reasons for that.
In a series of recent papers it has been argued that a new intuition can be developed in working with the BS amplitudes [3, 4, 5] . It has been shown that calculations of many observables for the deuteron are reduced to calculations similar to those in field theory. It has also been stressed that the usage of the BS amplitude for the deuteron in the Dirac matrix basis can be more convenient than in the spinor basis. In this case computations are formalized enough to extensively apply analytical computing software, such as the Mathematica [9] , to calculate the matrix elements of observables in terms of the components of the BS amplitude. However, the promotion of a new technique should assume that all basic ingredients of the calculation are available to a potential user. The BS formalism still lacks this feature, since there is no simple parametrization available for the realistic deuteron amplitude, such as is available for nonrelativistic wave functions [7, 10] or relativistic wave functions of the spectator equation [11] .
This letter presents the analytical parametrization of the Bethe-Salpeter amplitude for the deuteron. The parameters are fixed by fitting to the recent numerical solution of the homogeneous BS equation using the Dirac matrix basis [8, 5] . The one-boson exchange potential from ref. [1, 12] was used with a minor adjustment of its parameters [3] , so in this sense the solution does not contain new physics (or different physics) then the pioneer paper.
Definitions and kinematics
The realistic BS amplitude of the deuteron, Φ, can be obtained as a solution to the homogeneous BS equation with the effective one-boson-exchange kernel [1, 3] :
where P D is the deuteron momentum, µ B is the mass of the meson B, Γ
B is the mesonnucleon vertex, corresponding to the meson B and connected to the k-th nucleon. The tensor product in the r.h.s. of eq. (1) is for a possible interconnection of the quantum numbers in two vertices (such as in the case of the vector or isovector mesons). The two-nucleon propagator, S(p 1 , p 2 ), is defined as:
where m is the nucleon mass, p 1,2 are nucleon momenta,p k = γ µ p µ k and D(p, P D ) is "scalar two particle propagator".
It is convenient to use the amplitude, Ψ, conjugated with respect to one of the nucleon lines [8] :
where γ c = γ 3 γ 1 . Then the amplitude Ψ can be decomposed in terms of a complete set of the Dirac matrices, their bilinear combinations and the 4 × 4-identity matrix,1, with sixteen components being the coefficients of decomposition:
In the deuteron rest frame the notions are used:
where i, j, k = 1, 2, 3 and other tensor components of ψ µν t are equal to zero. In order to separate the amplitude with the deuteron's quantum numbers, a partial wave decomposition of the four vector and four scalar functions, (5)-(6), is performed:
where Y JM and Y J JM are the spherical harmonics and vector spherical harmonics respectively. Fixing the total momentum J = 1 and separating the components with positive parity, the deuteron's amplitude components read as:
The components ψ 0 a (1) and ψ 0 t (11) are odd functions of p 0 and all others are even. The BS equation with the realistic one-boson exchange potential is solved using the Wick rotation, which corresponds to replace p 0 → ip 4 and ψ 0 a (1) → iψ 0 a (1) [8] . This procedure removes singularities from the exchange meson propagators in eq. (1) and from the scalar propagator, D, which in the deuteron rest frame takes the form:
where
After the Wick rotation, the components of the deuteron amplitude are computed along the imaginary axe in the complex p 0 -plane. Since the inverse Wick rotation of the numerically known amplitude is an ill-defined operation, the parametrization for the components is obtained in the Wick rotated case. The possibility to analytically continue those amplitudes into a physical region is discussed in Section 4.
The parametrization
The parametrization of all components has the form (index J = 1 is omitted):
where L = J, J ± 1, depending on the quantum numbers of the component and functions f and g are given by:
The form of parametrization (13) and the scale of the parameters α i are prompted by the previous works with parametrizations of the wave functions [7, 10, 11] :
The number N f is equal to 11 for all components, whereas N g differs for different components. The p 4 -dependence of the coefficients A i (p 4 ) is given by:
Coefficients A i , A ′ i and B i for all components are given in Appendix A, Tables 1-8 . The presented parametrization contains a seemingly large number of parameters, 27 to 29 per every of eight components plus three parameters common for all of them, including the nucleon mass, m, deuteron binding energy, ǫ D , and an additional mass scale parameter, µ 0 . This looks rather unusual for such type of parametrizations. The parametrizations of wave functions [7, 10, 11] , for instance, contain only n ∼ 10 parameters per component. The reason for this difference is that the components of the BS amplitude depend upon two independent variables, the relative momentum, p, and "relative energy", p 4 . It is clear now, that the presented parametrization contain quite a modest number of parameters; it is not even n 2 compared to the one dimensional fit of the wave functions.
The applicability of the parametrization
The parametrization (12)- (15) is obtained by fitting the numerical solution to the BS equation, using the least-squares procedure [9] . The domain of validity of the parametrization in relative momentum is 0 < |p| < 3 GeV, means that the solution of the BS equation was fitted up to this point. The domain of validity in relative energy p 4 (which is actually ip 0 ) is defined as follows. First, the singular structure of the BS amplitude in the Minkowski space is governed by the singularities of the propagator D(P D , p), eqs. (2) and (11), where the closest nucleon pole is most important for the physical applications. Thus, the parametrization is valid at least up to p 4 ∼ M D /2 − m 2 + |p| 2 , corresponding to the nucleon pole at given |p|. Second, the parametrization allows for the integration in the matrix elements over p 4 with infinite limits,(−∞, +∞), in the Euclidean space. The starting point for calculating any quantity with the BS amplitude is the relativistic impulse approximation. In many cases the relativistic impulse approximation is presented by the Feynman "triangle diagram" with zero transfer of the momentum [8, 3, 4, 5] , q = 0 ( Fig. 1) :
Two important examples are the matrix elements of the vector and axial currents,Ô = γ µ , γ 5 γ µ .
The matrix element γ 0 , the vector charge, is used to normalize the BS amplitude:
The components in eq. (18) are parametrized by eqs. (12)- (15). (Note that factor 2π from integration over angle φ is absorbed by the parametrization.) Integrating over p 4 in eq. (18) but keeping |p|-dependence, one gets the charge density in the momentum space, analogous to the square of the deuteron wave function in a nonrelativistic approach. This charge density is shown in Fig. 2 together with the density of the 3-rd component of the axial current (omitting terms, vanishing after integration over θ):
The quality of the parametrization has been checked by a comparison of the charge and axial densities, as well as their integrals, computed using the parametrization and original numerical components. The original amplitude is normalized by (17) and is exactly equal to 1.0, whereas the parametrization gives the normalization equal to 0.9997. This is not a trivial result, since all components were fitted independently. One can use this number for the "renormalization" of observables. The original amplitude gives an axial charge value of 0.9215, while the parametrization yields the same. The error of the parametrization describing the densities is ∼ 0.01% at small |p| to ∼ 1 − 2% at |p| ∼ 1-3 GeV.
Finally, the issue of an "inverse Wick rotation" should be addressed. The analysis of the singular structure of the "triangle graph" and behavior of the BS amplitude result in the conclusion that, perhaps, the presented parametrization can be used for an analytical continuation, p 4 → −ip 0 , of the BS amplitude up to the closest nucleon pole of p 0 = M D /2 − m 2 + |p| 2 . However, such a procedure works well (with accuracy ∼ 10%) only up to |p| ∼ m. The accuracy was estimated by calculating the vector and axial densities for the processes with the second nucleon on mass-shell. If it is used further, the procedure gives an accuracy of ∼ 50% at |p| = 1.5 GeV and it should not be used beyond this point.
Summary
The parametrization of the realistic Bethe-Salpeter amplitude for the deuteron has been presented. All eight components of the amplitude are given in the Wick rotated case in the form of analytical functions. Simple examples of the use of the parametrization are presented and the applicability domain is discussed.
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